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Apoptotic cells are observed in the early developing
brain. Apoptosis deficiency is proposed to cause
brain overgrowth, but here we show that brain
malformations in apoptosis-deficient mutants are
due to insufficient brain ventricle expansion as a
result of uncompleted cranial neural tube closure.
Apoptosis eliminates Fgf8-expressing cells in the
anterior neural ridge (ANR), which acts as an orga-
nizing center of the forebrain by producing FGF8
morphogen. Deficiency of apoptosis leads to the
accumulation of undead and nonproliferative cells
in the ventral part of the ANR. The undead cells
in apoptosis-deficient mutants express Fgf8 contin-
uously, which perturbs gene expression in the
ventral forebrain. Thus, apoptosis within a specific
subdomain of the ANR is required for correct
temporal elimination of an FGF8-producing region
within a limited developmental time window, thereby
ensuring proper forebrain development.
INTRODUCTION
Apoptosis is a predominant form of programmed cell death,
which is used to ensure multicellular organisms develop correct
morphology and tissue functions (Fuchs and Steller, 2011;
Jacobson et al., 1997). Mice deficient in intrinsic apoptoticDevelopmepathway genes (apaf-1, caspase-3, and caspase-9) exhibit
severe brain malformations including indented neuroepithelium,
compressed brain ventricles, and neural tube closure defects
(Cecconi et al., 1998; Hakem et al., 1998; Honarpour et al.,
2000; Kuida et al., 1996, 1998; Yoshida et al., 1998). Apoptosis
is assumed to prevent overgrowth of the neuroepithelium by
controlling neural cell numbers in the developing brain (Kuan
et al., 2000; Gilbert, 2013). However, to date, there have been
few quantitative analyses of total brain cell numbers in devel-
oping apoptosis-deficient embryos (Le et al., 2002). Further-
more, mice harboring mutations that lead to neural tube closure
defects have malformations in neuroepithelium and brain ventri-
cles similar to those found in apoptosis-deficient mutants (Copp,
2005; Fimia et al., 2007; Koleske et al., 1998; Yao et al., 1998).
Thus, the mechanisms that explain how inhibition of apoptosis
results in brain malformations remain unclear. In addition, in
the early developing brain, the regions where apoptosis is
massively observed are restricted to relatively local areas
(Kuan et al., 2000; Roth et al., 2000; Urase et al., 2003), raising
the possibility that local apoptosis might affect the gross organi-
zation of the developing brain.
Apoptosis is most notable at the boundary between the neural
plates and the nonneural ectoderm from the beginning of the
neural tube closure (NTC; Yamaguchi and Miura, 2013). Inhibi-
tion of apoptosis delays the progression of the cranial NTC
and often causes NTC defects, including exencephaly (Weil
et al., 1997; Kuida et al., 1998; Honarpour et al., 2000; Yamagu-
chi et al., 2011). After the NTC, apoptosis occurs continuously in
the midline formed by the closure, implying that apoptosis in the
region may have other roles besides facilitating the progression
of the NTC. This region includes the anterior neural ridge (ANR),ntal Cell 27, 621–634, December 23, 2013 ª2013 Elsevier Inc. 621
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located between the roof plate primordia and the floor plate
primordia. The term ‘‘ANR’’ is also used to indicate the midline
formed from the edge after NTC. The ANR is the signaling center
that organizes telencephalic development by secreting diffusible
morphogens, including FGF8 (Hoch et al., 2009; Shimamura
and Rubenstein, 1997; Toyoda et al., 2010). In this study, we
examined the active role of apoptosis in mammalian early brain
development, focusing on the effects of apoptosis on ANR
morphogenesis and its function as a signaling center. We pro-
vided empirical evidence that apoptosis is an effective strategy
to remove cells from developing tissues; removal of the subre-
gion of the ANR by apoptosis enables spatiotemporal control
of distribution of FGF8-producing cells, ensuring proper fore-
brain development.
RESULTS
Apoptosis Deficiency DoesNot CauseOvergrowth of the
Neuroepithelium but Leads to Failure in Brain Ventricle
Expansion and to Cranial NTC Defects
Brain malformations such as brain ventricle compression and
thickened neuroepithelium are observed in embryos deficient
in apaf-1 or caspase-9 with high penetrance on a B6;129 mixed
genetic background at embryonic day 12.5 (E12.5; Kuida et al.,
1998; Yoshida et al., 1998). Unexpectedly, by directly counting
dissociated brain cell numbers in those embryos, we found
that the severe brain malformations were not accompanied by
an increase in brain cell number (the relative cell number in the
forebrain and midbrain of apaf-1/ embryos was 99.7% ±
9.95%, compared to the controls [100%] [p = 0.96], and those
of caspase-9/ embryos was 84.0% ± 21.1% [p = 0.18]) (Fig-
ure 1A; Figure S1A available online). Quantitative analysis of
brain sections revealed that the distribution of the neuroepithe-
lium along the rostral-caudal axis was quite different between
apaf-1/ embryos and their control littermates at E12.5. Specif-
ically, apaf-1/ embryos had larger neuroepithelial areas in the
anterior sections but smaller areas in the posterior sections (n = 2
for each genotype; Figure 1B), whereas there were no significant
differences in the total volume of the forebrain (Figure S1B). The
total volume of MAP2-positive, differentiated neurons and
mitotic index in the forebrain was similar between apaf-1/
and control embryos (Figures S1E and S1F). The morphological
abnormalities in apaf-1/ embryos appeared in earlier develop-
mental stages; brain ventricles failed to expand from E9.5 to
E10.5 (Figures 1C–1G), and coronal sections showed that the
neuroepithelium concomitantly became thicker than in the con-
trols (Figure 1D; Kuida et al., 1998; Honarpour et al., 2000; Oishi
et al., 2004). However, the total neuroepithelial area in apaf-1/
forebrains did not differ from that of the controls at these stages
(Figures 1H–1J). The density of neuroepithelial cells (Figures S1C
and S1D), IdU uptake (Figure S1G), and the total cell cycle length
in specific regions (Figure S1H) did not differ significantly be-
tween the apaf-1/ embryos and controls. These lines of evi-
dence suggest that, contrary to a previous suggestion (Kuan
et al., 2000), lack of apoptosis does not result in the overgrowth
of the neuroepithelium at early developmental stages.
Brain ventricle expansion requires accumulation of cerebro-
spinal fluid (CSF) in the brain ventricles (Desmond and Jacobson,622 Developmental Cell 27, 621–634, December 23, 2013 ª2013 Els1977). Apoptosis-deficient mutants exhibiting cranial NTC
defects indeed failed to retain CSF (Figure S1I). In apaf-1/
but not in control embryos, dyes injected into the third ventricle
leaked from the unclosed midbrain/hindbrain neuropore (MHNP)
and the anterior neuropore (ANP), which is located at the most
rostral side of the neural plate (red arrowheads in Figure S1I,
see also Figures 3A and 3B). Together, these data indicate that
the primary cause of brain malformations in apoptosis-deficient
embryos is a failure to complete cranial NTC at the MHNP and
the ANP.
Massive Apoptosis Reduces the Thickness of the ANR,
Thereby Facilitating Its Apposition in the Midline during
NTC
The ANP is formed transiently during NTC to close the ANR,
which is the most rostral edge of the neural plates and plays
a crucial role as the signaling center directing forebrain devel-
opment (Figure 2; Rubenstein et al., 1998; Shimamura and
Rubenstein, 1997). Because apoptosis deficiency causes
closure defects in the ANP, we investigated how apoptosis
affects ANR development. The pattern of apoptosis around the
ANR was observed by labeling cells with TUNEL and staining
for active caspase-3 (Figures 2A–2K). There was a large accu-
mulation of apoptotic debris in the ANR, and in particular at the
edge, around the eight to nine somite stage (8–9S, E8.5) when
the neural plate started to rise (Figure 2B); this was continuously
observed during and after NTC (Figures 2B–2K and S3), but was
abolished in apaf-1/ embryos (Figure 2L).
Using a live-imaging technique (Yamaguchi et al., 2011), we
found that the dynamics of ANR closure was altered in the
absence of apoptosis (Figures 3A–3E). In control embryos,
both sides of the ANR became apposed and then fused (Fig-
ure 3D; Movie S1; n = 3/3). However, in apaf-1/ embryos,
both sides of the ANR were not apposed properly, and the
ANP gradually became rounded and failed to close during
the imaging period (Figure 3E; Movie S1; n = 3/4). Notably, the
apaf-1/ embryos had thicker edges in the ANR than the control
embryos did (control: 45.5 ± 6.11 mm, apaf-1/: 66.9 ± 3.63 mm,
p < 0.05; n = 4 for control and n = 3 for apaf-1/ embryos [13–
15S]; Figures 3F and 3G). These data suggest that apoptosis
during ANR closure eliminates cells from the ANR to reduce its
thickness, thereby facilitating the apposition and subsequent
fusion of both sides of the ANR.
Accumulation of Undead, Nonproliferative Cells in the
ANR of apaf-1–/– Embryos
Inhibition of apoptosis often leads to activation of alternative
nonapoptotic cell death (Chautan et al., 1999; Nagasaka
et al., 2010; Oppenheim et al., 2008; Yaginuma et al., 2001);
however, we found that nonapoptotic cell death was not suffi-
cient to eliminate the cells destined to die by apoptosis from
the ANR of apaf-1/ embryos. Whereas transmission electron
microscopic observations identified a few cells dying in a non-
apoptotic manner at the floor plate side of the ANR (FP-ANR)
in E10.5 apaf-1/ embryos (Figures 4A–4G), most of the cells
appeared to survive, as indicated by the absence of obvious
morphological alterations in their organelles (Figures 4H and
4I). This notion was also supported by the fact that these cells
were positive for phospho-RNA polymerase II (pPol2) staining,evier Inc.
Figure 1. The Small Ventricles in the Brain of Apoptosis-Deficient Mutants Were Not Accompanied by Neuroepithelial Overgrowth but Were
Caused by Failure in Brain Ventricle Expansion
(A) Total cell numbers in the forebrain andmidbrain of E12.5 apaf-1/ embryos and controls. Each bar corresponds to one individual. y axis, relative cell numbers
normalized by the average (indicated as 100%) cell numbers of control littermates.
(B) The distribution of E12.5 forebrain neuroepithelial area. Each line represents one individual.
(C and D) In apaf-1/ mutants, the occurrence of neuroepithelial deformation and small ventricles (D) at E10.5 (28–32S) was preceded by neural tube closure
defects (arrowhead in C) at E9.5 (19–23S). Arrows in upper panels indicate the level of coronal sections shown in bottom panels. Scale bars represent 200 mm.
(E–J) Comparison of brain ventricle (E, F, and G) and neuroepithelial (H, I, and J) areas between control (apaf-1+/) and apaf-1/ embryos in serial coronal
sections. (E, F, H, and I) Each line represents one individual. x axis, anterior-posterior axis; y axis, area (mm2). (G and J) Comparison of brain ventricle area (G) and
neuroepithelial area (J) in the coronal section at the midpoint between rostral tip and eye. Area of brain ventricles: E9.5, apaf-1+/ = 0.073 ± 0.052 mm2,
apaf-1/ = 0.029 ± 0.011 mm2, p = 0.12; E10.5, apaf-1+/ = 0.54 ± 0.048 mm2, apaf-1/ = 0.031 ± 0.014 mm2, p = 0.00020 (***). Area of neuroepithelium: E9.5,
apaf-1+/ = 0.091 ± 0.015mm2, apaf-1/ = 0.10 ± 0.016mm2, p = 0.26; E10.5, apaf-1+/ = 0.27 ± 0.15mm2, apaf-1/= 0.31 ± 0.054mm2, p = 0.21, n = 5 for each
genotype (E9.5), n = 4 for each genotype (E10.5). Error bars represent ± SEM. For the methods used to measure the areas, see the Experimental Procedures.
See also Figure S1.
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Figure 2. Apoptosis during the Anterior Neural Ridge Development
The ANR, roof plate primordial, and floor plate primordia are colored with pink, green, and light blue, respectively, in schematic illustrations.
(A–K) TUNEL staining and anti-active caspase-3 (AC3) immunostaining in the 129S1 strain embryos during ANR development. (I, J, and K) Coronal section in the
dashed line shown in (F), (G), and (H), respectively. Apoptotic cells were observed both in neuroectoderm and nonneural ectoderm of the ANR (I, J, and K).
(L) Few apoptotic cells in apaf-1/ embryo. S, somites.
Scale bars represent 250 mm (A–H, and L), 100 mm (J and K), and 50 mm (I).
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et al., 2011).
In contrast, almost all of the accumulated cells exhibited a
nonproliferative character, as revealed by low or defective
uptake of iododeoxyuridine (IdU; Figure 4K). In addition, neither
the proliferating cell marker Ki67 nor the differentiated neuronal
marker b-III-tubulin (Tuj1) was detected (Figure 4L, arrows), sug-
gesting that these cells exited from the cell cycle but did not
differentiate into neurons. We confirmed that the cells were in
G0 phase (Fucci-G1, 0
+ Ki67; Figure 4M, arrows) by using
Fucci-G1, 0 transgenic mice, in which G1 or G0 phase cells are
labeled by the G1-red fluorescent reporter (Sakaue-Sawano
et al., 2008; Figure 4N). We next examined from when the non-
proliferative Ki67 cells appeared in the ANR of apaf-1/
embryos. In the mutant, the Ki67 cells were observed at
approximately 16S (E9.0), coincident with ANR closure, but not
at 6S (E8.5), a time before which apoptosis induction peaks (Fig-
ures 2A and 4O). In control embryos, whereas Ki67 cells ex-
hibited apoptotic cell fragmentation at 16S, timing of emergence624 Developmental Cell 27, 621–634, December 23, 2013 ª2013 Elsof Ki67 cells in the ANR was similar (Figure 4P). These results
suggest that cells escaping from apoptosis in apaf-1/ embryos
become nonproliferative (Ki67) and accumulated in the ANR
during NTC and thereafter. Taken together, the data show that
apoptosis deficiency results in the accumulation of undead non-
proliferative cells during ANR development.
Apoptosis Mediates the Removal of Fgf8-Expressing
Cells from the FP-ANR
The expression of Fgf8 dynamically changes during ANR devel-
opment. It appears in the ANR at around the 4S (E8.0) stage, half
a day before ANR closure occurs in the mouse embryo (Shima-
mura and Rubenstein, 1997). Fgf8 is continuously observed in
the entire ANR during closure (12–16S, E9.0; Figure 5A) and in
the ANRmidline shortly after closure (around 17–19S, E9.25; Fig-
ure 5B). From E9.75 (23–26S) to E10.5 (34S; Figures 5C and
5D), the expression of Fgf8 disappeared from the FP-ANR (re-
gion lined with red dashed arrow in Figures 5A–5H), while it per-
sists in the roof plate (RP) side of ANR, which we call RP-ANR forevier Inc.
Figure 3. The Apposition and Subsequent Closure
of the ANR Are Perturbed in apaf-1–/– Embryos
(A) Schematic view of the cranial neural tube closure. C1,
C2, and C3 represent closure 1, closure 2, and closure 3,
respectively.
(B) The ANP and the MHNP were unclosed in apaf-1/
embryos at E9.5. Scale bar represents 50 mm.
(C) Relation between developmental stage and progres-
sion of cranial neural tube closure in either control em-
bryos (gray circles) or apaf-1/ embryos (red triangles).
Numbers in each circle or triangle show the number of
individuals. Note that ANP and MHNP were left unclosed
in apaf-1/ embryos, whereas there was a slight delay in
the start of closure 2 compared with control embryos.
(D and E) Live imaging of the closure process of the
anterior neuropore in the control embryos (D) or apaf-1/
embryos (E). In control embryos, the left and right sides of
the ANR became apposed quickly (D). However, in apaf-
1/ embryos, the ANP became round and failed to
appose (E). Scale bars represent 50 mm.
(F and G) The ANRs of apaf-1/ embryos were thicker
than those of control embryos. Vertical image of the
anterior neuropore at the dashed line in (D) or (E),
respectively. Yellow double-headed lines represent the
thickness of the neural ridge at 50 mm distance from the
tip. Scale bars represent 50 mm.
Developmental Cell
Apoptotic Control of Fgf8-Producing Cells in Brainconvenience (Figures 5A–5H, region lined with yellow dashed
arrow; Crossley et al., 2001; Wang et al., 2011). The disappear-
ance is spatiotemporally correlated with the pattern of apoptosis
in the ANR (Figures 2H and 2K).
As expected from the accumulation of undead nonprolifera-
tive cells in the ANR in apaf-1/ embryos (Figure 4), Fgf8 expres-
sion from the FP-ANR of these mice persisted (Figures 5E–5H).
Inapaf-1/embryosexhibitingclosuredefects, theexpressionof
Fgf8persistedectopically at theFP-ANR fromE9.75 (23S), both in
the neuroectoderm (N-cadherin+) and nonneural ectoderm
(E-cadherin+) of the unclosed ANR (Figures 5I–5L). The persis-
tence of Fgf8 expression was not due to a failure of ANR closure,
because levels of the growth factor in the FP-ANR of apaf-1/Developmental Cell 27, 621–embryos in which the ANR was successfully
closed also remained high (Figure S2A; n = 3).
Fgf8 expression in the FP-ANR was also
retained in caspase-9/ embryos (Figure S2B;
n = 2). These data suggest that apoptosis is
required for the disappearance of Fgf8-express-
ing cells from FP-ANR.
To examine whether Fgf8-expressing cells in
FP-ANR are actually undergoing apoptosis, we
conducted double staining of Fgf8 mRNA
(fluorescent in situ hybridization) and active
caspase-3 protein (immunohistochemistry).
Many cells were double positive for active
caspase-3 protein and Fgf8 mRNA in FP-ANR
during ANR closure (Figures 5M–5O), directly
indicating that Fgf8-expressing FP-ANR cells
undergo apoptosis. We next tried to reveal
the contribution of apoptosis to elimination of
Fgf8-expressing cells from FP-ANR by con-
ducting a genetic labeling study to trace thefate of Fgf8-expressing cells in normal or apoptosis-deficient
embryos. This was achieved using Fgf8-IRES-Cre mice in
which Cre is knocked into the 30 untranslated region of the
Fgf8 locus without affecting endogenous Fgf8 expression
(Toyoda et al., 2010). Crossing this line with Rosa-floxed-
H2B-mCherry mice (Abe et al., 2011) allowed us to examine
the distribution of descendants of Fgf8-expressing cells that
were positive for H2B-mCherry (Figures 5P–5S). This revealed
that H2B-mCherry-positive cells were abundantly clustered
around the midline of the RP-ANR, but in contrast, were
sparsely distributed in the FP-ANR at E9.75 (Figures 5P and
5R). Some of the H2B-mCherry-positive cells exhibited hall-
marks of apoptosis (active caspase-3 staining and pyknotic634, December 23, 2013 ª2013 Elsevier Inc. 625
Figure 4. Apoptosis Deficiency Leads to Accumulation of Undead, Nonproliferative Cells in the ANR
(A–I) Transmission electronmicroscopic observations of the ANR of apaf-1+/ (A) and apaf-1/ (B–I) embryos at E10.5; n = 3 for each group. (A) Typical apoptotic
cells (arrowheads) with extreme shrinkage and condensation of both the nuclear chromatin and the cytoplasm. (H and I) Accumulated undead cells with slightly
electron-dense nucleus and cytoplasm around an unclosed anterior neuropore at E10.5. (B, D, E, and G) Nonapoptotic dying cells with round, irregularly
condensed, and fragmented nuclei. Arrowheads show swollen nuclear envelopes. (C and F) Accumulation of vacuolar structures in the perikaryon of dying cells.
Some are swollen rough endoplasmic reticulum (asterisks), as evidenced by the presence of ribosomes around the vacuoles. Others are autophagosomes
(arrows) with double membranes.
(J–M) Coronal sections of the ANR at E10.5. (J) Most of the ANR cells were pPol2 positive in both control and apaf-1/ embryos; n = 3 for each group. (K–N)
Characterization of the cell cycle phase in the ANR with Fucci-G1, 0 transgenic mice at E10.5. ANR cells of apaf-1
/ cells were negative for IdU- (K), Ki67, Tuj1
(L, arrows), and positive for Fucci-G1,0+ (M, arrows), suggesting that they were in G0 phase. (N) The relationship between pseudo color and the phase of cell cycle.
There were some Gx (Ki67
, Fucci-G1,0
) cells whose cell cycle phase was not determined in apaf-1/ embryos. More than four animals were studied for each
group.
(O and P) Emergence of Ki67 negative cells during NTC. (O) Ki67 cells were not observed either in control or apaf-1/ embryos at E8.5 (6S). (P) During NTC (16S,
E9.0), cells negative for Ki67 appeared at ANR both in control and apaf-1/ embryos. In control embryos, Ki67 cells underwent apoptosis (arrowheads in P)
judged by pyknotic nucleus and disappeared by E10.5 (L andM). In contrast, in apaf-1/ embryos, Ki67 cells (arrow) exhibited no obvious alternation in nuclear
morphologies and persisted in the unclosed ANR at E10.5 (L and M).
n = 3 for each group. Scale bars represent 45 mm (J), 50 mm (K, L, and M), 25 mm (O and P), 5 mm (A, B, and H), and 1 mm (C–G, I, and inset in A).
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Apoptotic Control of Fgf8-Producing Cells in Brainnuclei; Figures 5P, 5R, 5R0, and 5R00, arrowheads). These re-
sults suggest that cells expressing Fgf8 mRNA are removed
from the FP-ANR by apoptosis, rather than by turn-off of its
expression. In apaf-1/ embryos, H2B-mCherry-positive cells
were found not only in the RP-ANR, but also in the FP-ANR
(Figures 5Q and 5S). In the FP-ANR, cells positive for mCherry
were both in the neuroectoderm and the nonneural ectoderm
(Figure 5S). Taken together, these results indicate that Fgf8-ex-626 Developmental Cell 27, 621–634, December 23, 2013 ª2013 Elspressing FP-ANR cells are eliminated in an apoptosis-depen-
dent manner from E8.5 to E9.75 during normal development.
Proper Distribution of Both FGF8 Protein and Signaling
Is Ensured by the Removal of Fgf8-Producing Cells from
the FP-ANR by Apoptosis
FGF8 proteins are secreted from the RP-ANR and diffuse across
the neuroepithelium to induce forebrain patterning (Toyoda et al.,evier Inc.
Figure 5. Elimination of Fgf8-Producing Cells from the FP-ANR Was Disrupted in apaf-1–/– Embryos
(A–H) Ventral views of heads. Fgf8mRNA disappeared from the FP-ANR in control embryos after the completion of ANR closure, but not in apaf-1/ embryos.
Red, yellow, white, or blue arrows show the position of FP-ANR, RP-ANR, floor plate (FP), or roof plate (RP), respectively.
(I–L) Coronal section at the level of the dashed line shown in (D) and (H).
(M, N, and O) Simultaneous detection of Fgf8 mRNA expression by FISH with apoptotic cells by anti-active caspase-3 immunostaining at various stages. Many
cells were double positive for Fgf8mRNA (green) and active caspase-3 (red) at E8.5 (M, M0, andM00), E9.0 (N, N0, and N00), and E9.5 (O, O0,and O00). Double staining
for Fgf8 mRNA and active caspase-3 (AC3) at E9.0 (16–17S). Arrow shows AC3-positive cells positive for Fgf8 mRNA.
(P–S) Use of H2B-mCherry for genetic labeling of descendants of cells expressing Fgf8 at E9.75 (24–26S). (P) In control embryos, mCherry-positive cells were
observed abundantly around the RP-ANR but sparsely around FP-ANR. (Q) In apaf-1/ embryos, mCherry-positive cells were observed abundantly around both
the RP-ANR and the FP-ANR. (R and S) Cross-sections at the RP-ANR or FP-ANR reconstructed from 3D data sets of (P) and (Q). The level of section is indicated
by dashed line in (P) or (Q). (R0, and R00) High magnified view of inset in (R). Arrowheads show that mCherry-positive cells were positive for active caspase-3 (AC3).
Scale bars represent 250 mm (A and E), 500 mm (B–D, F–H, P, andQ), 100 mm (I–L, R, and S), 50 mm (M, N, andO), 25 mm (M0, N0, andO0), and 5 mm (M00, N00, andO00).
See also Figure S2.
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cells in the FP-ANR alters the distribution of FGF8 protein in
apaf-1/ mutants, immunohistochemical analysis with an anti-
FGF8 antibody was performed (Figure 6; Sun et al., 2002;
Toyoda et al., 2010). In E10.5 (33, 34S) forebrains of normal
embryos, FGF8 protein was strongly detected in the RP-ANR
in which Fgf8 mRNA is high (asterisk in b, c, in Figure 6). In
addition, the protein was distributed by diffusion to the
cortical plate (dorsal telencephalon) and the roof plate of the
diencephalon, as previously reported (Figure 6; Toyoda et al.,
2010). It was not detected in the ventral telencephalon, including
the medial ganglion eminence (MGE) and lateral ganglionDevelopmeeminence (LGE), which are separated from the Fgf8-expressing
region (RP-ANR) by the existence of the Fgf8-nonexpressing
region (FP-ANR; Figure 6). In apaf-1/ embryos, however,
FGF8 protein was detected ectopically and broadly in the
neuroepithelium of the ventral telencephalon including puta-
tive MGE (arrows and double-headed arrows in Figure 6), a
site adjacent to the FP-ANR in which cells expressing Fgf8
mRNA were retained (Figure 6), in addition to its normal distri-
bution (in the RP-ANR, cortical plate, and roof plate of the
diencephalon).
We then checked whether such expansion of FGF8 protein
distribution leads to increased transduction of FGF signalingntal Cell 27, 621–634, December 23, 2013 ª2013 Elsevier Inc. 627
Figure 6. Abnormal Distributions of FGF8 Protein in apaf-1–/– Embryos
Distribution of FGF8 protein in coronal section at E10.5. Relative intensities of anti-FGF8 immunostaining on serial coronal sections throughout the forebrain are
shown between E10.5 apaf-1/ and control embryos. Note that the FGF8 protein was distributed ectopically at the putativeMGEof apaf-1/ embryos (arrows in
bottom panels). Asterisks indicate the FP-ANR in control embryos. The level of each section is shown as from a to j in the right panel. The position of the putative
MGE or the putative LGE is indicated by double-headed arrows or square bracket, respectively. n = 3 for each group. Scale bars represent 500 mm.
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Sprouty(Spry)2 mRNA, a downstream transcriptional target of
FGF signaling that participates in a negative feedback loop
(Storm et al., 2003; Suzuki-Hirano et al., 2005), increased and
expanded in the FP-ANRandputativeMGEof apaf-1/embryos
(E10.5–11.0, 34–39S), unlike that observed in the controls (Fig-
ures 7A and 7B). Thus, elimination of Fgf8-producing cells from
the FP-ANR by apoptosis prevents FGF8 protein and thus
FGF8-signaling from reaching the ventral telencephalon.
Regionalization of the Ventral Telencephalon Was
Perturbed Locally in Apoptosis-Deficient Embryos
We then examined whether an excessive amount of FGF8-
dependent signal transduction in apoptosis-deficient embryos
affects the expression of transcription factors that are known
downstream targets of FGF signaling, such as Pea3 and ERM628 Developmental Cell 27, 621–634, December 23, 2013 ª2013 Els(Cholfin and Rubenstein, 2008; Fukuchi-Shimogori and Grove,
2003). Both thegenesare expressed in the rostral cortical primor-
dium neighboring RP-ANR in normal development (Cholfin and
Rubenstein, 2008; Fukuchi-Shimogori and Grove, 2003). How-
ever, they were ectopically detected in the FP-ANR and in the
most ventral region of putativeMGE in apaf-1/embryosaround
E10.5–11.0 (34–39S; Figures 7C and 7D). On the other hand,
expression of Nkx2.1 protein was impaired from themost ventral
region (correspondingmidline) in apaf-1/ embryos (Figures 7E,
7E0, and7E00) at E11.0 (41, 42S).Nkx2.1 is expressed in the ventral
telencephalon, including the entire MGE along the dorsal-ventral
(D-V) axis afterNTCand is required for theproduction of interneu-
rons in the MGE (Shimamura et al., 1995; Sussel et al., 1999). In
addition, regions strongly expressing Nkx2.1 along the D-V axis
were also smaller in apaf-1/ embryos than in the controls
at E10.5 (34S; n = 4 for each group; Figure 7F; seeevier Inc.
Figure 7. Enhanced Fgf8 Signaling and Perturbed Shh Signaling within the MGE of Apoptosis-Deficient Embryos
(A–D) Altered expression of Fgf8 downstream genes. The expression of Spry2 (A and B), Pea3 (C), and ERM (D) was upregulated in the FP-ANR and putative MGE
of apaf-1/ embryos at E10.5–11.0 (34–39S). The yellow line in (A) indicates the level of section (B, C, and D). n = more than 3 for each group.
(E, E0, and E00) Comparison of the expression patterns of Nkx2.1 and Pax6 in serial coronal sections throughout the forebrain between E11.0 (41, 42S) apaf-1/
and control embryos. Note that Nkx2.1 expression disappeared from the ventral part of MGE of apaf-1/ embryos (arrowheads, E0, and E00 in which the ventral
neuroepithelium is outlined by a white line). No obvious differences were detected in the expression of Pax6 between apaf-1/ and control embryos at E11.0.
n = 2 for each group.
(F) Quantification of Nkx2.1mRNA expression in the MGE at E10.5 (34S) using coronal sections. (F, upper panels) A representative example of measurement of
the intensity of Nkx2.1 expression in the ventral neuroepithelium, which was measured in individuals represented by the yellow lines in bottom left panel. x axis,
distance from the FP-ANR (shown by yellow dots). (F, bottom right panel) Broad reduction of Nkx2.1 expression along the anterior-posterior axis in the MGE (see
Experimental Procedures). x axis, distance from the anterior end of floor plate.
(G) Reduced expression of the SHH protein in theMGE of apaf-1/ embryos at E10.5 (30–33S). Arrowheads or arrows indicate the expression of SHH at theMGE
or floor plate, respectively. Note that SHH in the MGE was reduced in apaf-1/ embryos, whereas that SHH in the floor plate appeared normal. n = 7 for each
group.
(H) Schematic illustration of the results. Apoptosis actively eliminates Fgf8-expressing cells from the FP-ANR to move development of the MGE to the next step.
Scale bars represent 500 mm (A and E–G), 100 mm (B–D). See also Figure S3.
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gest that the development of MGE was altered in apaf-1/
embryos.
The morphogen SHH is expressed within the MGE after
NTC and is important for the development of MGE, in part
via induction of Nkx2.1 expression (Xu et al., 2005). We found
that the amount of SHH protein decreased dramatically in the
MGE in apoptosis-deficient embryos, unlike that in the controls
(arrowheads in Figure 7G) at E10.5 (30–33S). In contrast, no
detectable change in SHH expression was observed in the
floor plate (arrows in Figure 7G). These results suggest that
enhanced FGF8 signaling caused by apoptosis deficiency
can perturb the development of the ventral telencephalon
(Figure 7H).DevelopmeDISCUSSION
Our data indicate that apoptosis would be of great benefit to the
developmental process. In apoptosis-deficient embryos, accu-
mulation of nonproliferative undead cells was observed in FP-
ANR (Figure 4). Nonapoptotic cell death alternatively occurring
in some of cells in the FP-ANR in those embryos was insufficient
to eliminate most of Fgf8-expressing cells at the appropriate
time (around E10.5; Figures 4, 5A–5L, and 5P–5S). Such a delay
in elimination was detrimental to the establishment of proper
FGF8 protein distribution and subsequent brain development
(Figures 6 and 7). Thus, apoptosis is an efficient mechanism
for removal of the signaling center at the proper developmental
time. This process is in striking contrast to some of otherntal Cell 27, 621–634, December 23, 2013 ª2013 Elsevier Inc. 629
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For instance, removal of the interdigital web is accompanied by
apoptosis, autophagic cell death, and necrosis (Berry and Baeh-
recke, 2007; Denton et al., 2009; Eisenhoffer et al., 2012). In this
case, elimination of the interdigital web is also delayed, but is
finally accomplished under conditions of apoptosis inhibition.
Thus, alternative nonapoptotic cell death might be sufficient
just for the removal of unnecessary structures, but not suitable
for the rapid elimination of specific cells, like the FP-ANR, that
can affect surrounding regions by secreting morphogens in a
limited developmental time window. Apoptosis eliminates dying
cells rapidly, precisely, and efficiently in nature. Such features
may also benefit development of the FP-ANR; after NTC, Shh
starts to be expressed within the MGE neighboring the FP-
ANR, but the Shh and Fgf8 signalings are presumably incompat-
ible with each other in the ANR (Hu and Marcucio, 2009).
Because the time window for proper inductive interaction seems
to be quite narrow in developing tissue, elimination of Fgf8-ex-
pressing cells by apoptosis at a proper timing might be favored
rather than that by nonapoptotic form of cell death. Turn-off of
gene expression in such contexts could be an alternative strat-
egy, however, fluctuation of the gene expression or perdurance
of its protein product may prevent rapid changes of its signaling.
In this sense, spatiotemporal elimination ofmorphogen-express-
ing cells by apoptosis might be more efficient for shutting
developmental signaling off than turn-off of the morphogen-
expression.
In normal embryogenesis, FGF8 is produced locally at the ANR
and at the isthmic organizer. The proteins are widely distributed
within the dorsal part of the forebrain by diffusion, but not within
the ventral forebrain (Crossley et al., 2001; Fukuchi-Shimogori
and Grove, 2001; Shimamura and Rubenstein, 1997; Storm
et al., 2006; Toyoda et al., 2010). It is not fully understood how
such a biased distribution of FGF8 protein is established. A po-
tential mechanism is through the heparan sulfate chain, which
is known to regulate the distribution of FGF proteins in other sys-
tems, including the mouse epiblast (Shimokawa et al., 2011).
However, we observed that heparan sulfate chains are widely
distributed throughout the forebrain, including MGE at E10.5
(data not shown), suggesting that other regulative mechanisms
for exclusion of FGF8 protein from the MGE and LGE must be
operative.Wepropose thatprompt eliminationofFgf8-producing
cells by apoptosis is a regulative mechanism for establishing the
proper distribution of FGF8 protein and thereby patterning the
MGE in developing forebrain (Figure 7H). This mechanism seems
to be important for MGE specification, a key process for the pro-
duction of cortical interneurons (Xuet al., 2005). It is less likely that
MGE specification might be affected by lack of apoptosis in the
MGE itself, because few cells undergoing apoptosis were
observed in MGE from E9.5 to E10.5 (Figure S3). It is reported
that loss of FGF8 reduced the expression of Shh and Nkx2.1 in
MGE (Shanmugalingam et al., 2000; Storm et al., 2006). In
contrast, our data suggest that persisting FGF8-signaling at inap-
propriate stagesmay prevent cells within presumptiveMGE from
differentiating to MGE but instruct them to another fate, possibly
to the rostral cortical primordium (Figure 7).
The molecular mechanism(s) governing the apoptosis of Fgf8-
producing cells in the FP-ANR remain elusive. Previous studies
have suggested that morphogens such as BMPs, FGFs, and630 Developmental Cell 27, 621–634, December 23, 2013 ª2013 ElsSHH induce apoptosis in the developing brain or limb (Aoto
et al., 2002; Furuta et al., 1997; Sanz-Ezquerro and Tickle,
2000; Zuzarte-Luis and Hurle, 2005). Both high levels of FGF8
andprolonged exposure to FGF8might directly induce apoptosis
in the FP-ANR, because implantation of FGF8 beads in the dorsal
part of the chick telencephalon increases apoptosis at the pre-
sumable FP-ANR (Crossley et al., 2001). Overexpression of
Fgf8 in cultured mouse telencephalon also increases apoptosis
(Storm et al., 2003). Such participation of morphogens in the in-
duction of apoptosis may serve as a self-controlling mechanism
to prevent overproduction of morphogens (Offner et al., 2005;
Sanz-Ezquerro andTickle, 2000). Interestingly, there seemsadif-
ference in the susceptibility to FGF8-induced apoptosis between
ANR cells and the neighboring telencephalic cells; in Fgf8 severe
hypomorphic mutant mice, the numbers of active caspase-3
positive cells were dramatically reduced in the ANR while they
were increased in the neighboring telencephalic wall (Storm
et al., 2003). Besides FGF signaling, it was shown that BMP
signaling is required for apoptosis induction in the midline of
the forebrain, including the ANR (Fernandes et al., 2007). How-
ever, because the activation of programmed cell death is
probably dependent on cell lineage or cell location, it remains a
challenge to determine whether growth factors directly induce
apoptosis, or whether their ability to regulate cellular differentia-
tion status has an indirect effect on sensitivity to apoptosis
(Crossley et al., 2001; Fernandes et al., 2007; Pajni-Underwood
et al., 2007; Zou and Niswander, 1996). To dissect the regulative
mechanism of cell death in the ANR, analyzing accumulated
undead cells in the ANR in apoptosis-deficient embryos may be
useful, because such cells might accumulate signals that other-
wise would instruct them to die.
Using apoptosis-deficient embryos with the cell fate tracing
study could also be a powerful strategy to reveal the contribution
of apoptosis in the elimination of a specific cell population. To
identity and estimate the number of dying cells, it seems relatively
easy toperformdouble immunostainingagainst cell type-specific
marker proteins (for example, an endogenous transcription factor
or an exogenousfluorescentprotein, suchasmCherry) alongwith
characterization of apoptotic markers (such as with active
caspase-3 staining or TUNEL assays) to determine whether
the markers are colocalized. In fact, we utilized this procedure
in our study. However, double immunostaining targeting cell
markers alongwith apoptoticmarkers is often insufficient in iden-
tifying the lineage of a dying cell. This is due to the technical diffi-
culties inherent in identification and quantification of apoptotic
cells based on active caspase-3 staining or TUNEL assay. There
are two main reasons for these difficulties. In apoptotic cells,
most proteins undergodegradation and lose their conformational
integrity and the reactivity to their antibodies (Dix et al., 2008;
Lu¨thi and Martin, 2007). Because of this, most apoptotic cells
that are stained with anti-active caspase-3 antibodies fail to be
stained with antibodies for cell-type specific markers. Hence, in
general, we need to use caution in determining a dying cell’s
identity by conventional double-staining methods with active
caspase-3 staining or TUNEL assays.With the use of live imaging
analyses, we showed that apoptotic cells undergo cell fragmen-
tation rapidly and are eliminated (within 20 min after caspase
activation) in theneural ridgeof embryosat this stage (Yamaguchi
et al., 2011). Therefore, it is expected that only a tiny fraction ofevier Inc.
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an apoptotic marker such as active caspase-3 and cell-specific
markers by conventional immunostaining methods. This makes
it difficult to judge and quantify the contribution of apoptosis in
eliminating specific cell types or populations. In fact, we have
faced difficulties in quantifying and identifying dying cells by
conventional immunostaining methods. We have conducted
double-immunostaining for several markers of the ANR with the
anti-active caspase-3 antibody. PAX-7 is widely coexpressed
with Fgf8 in the ANR, and cells expressing PAX-7 are also ex-
pected to undergo extensive cell death, because accumulation
of PAX-7+ cells in the ANR of apoptosis-deficient embryos (data
not shown). However, it was not easy to find cells double-positive
forPAX-7andactivecaspase-3,presumablybecausemost of the
cells positive for activated caspase-3 containeddegradedPAX-7
proteins. Indeed, such technical difficulties have hampered the
identification of the precise characteristics of apoptotic cells
observed during development. Second, cell fragmentation
accompanied by apoptosis hampers the accurate estimation of
the number of dying cells; apoptotic cells undergo cell fragmen-
tation extensively and generate into multiple apoptotic bodies.
Especially in the ANR, there are many dying cells (apoptotic
bodies) that are too close to each other to determine whether
the apoptotic bodies originated from a single dying cell or from
multiple dying cells (Figures 2, 4P, and 5M–5O). This limitation
makes it almost impossible to quantify or estimate the number
of dying cells accurately.
To overcome such difficulties and reveal the contribution of
apoptosis in development, we introduced a strategy for tracking
the accumulation of undead cells in apoptosis-deficient embryos
utilizing genetic label tracing. This strategy worked well, and we
succeeded in demonstrating that accumulated undead cells that
failed to undergo apoptosis were those that were expressing, or
had previously expressed, Fgf8 (Figures 5P–5S). The undead
cells indeed expressed high amounts of Fgf8 mRNA and FGF8
protein (Figures 5E–5H, 6, and S2). The numbers of cells that
had expressed Fgf8 and escaped apoptosis in apaf-1/mutant
embryos was estimated to be at least a few hundred (from Fig-
ures 5P–5S and data not shown). Therefore, we conclude that
utilizing apoptosis-deficient embryos in genetic tracing experi-
ments could be an effective way to identify cell types destined
to die by apoptosis.
Besides in the ANR, apoptosis is frequently observed within or
around regions known as the organizing center, such as the roof
plate of the neural tube, the zone of polarizing activity, and the
apical ectodermal ridge in limb buds (Furuta et al., 1997; Sanz-
Ezquerro and Tickle, 2000; Zuzarte-Luis and Hurle, 2005). Our
findings suggest that local apoptosis plays an active role in the
temporal regulation of organizing centers, by promptly quench-
ing morphogen-producing cells at the appropriate time, thereby
moving forward the developmental process accurately.
In this study, we also found that ‘‘undead’’ cells accumulated
in FP-ANR of apaf-1/ embryos exhibited nonproliferative phe-
notypes (Figure 4; Mollereau et al., 2013). This may also be true
for other brain regions during development and explain the fact
that total cell number of brain was similar between control and
apoptosis-deficient embryos at E12.5. Such undead cells might
reenter the cell cycle or promote cell proliferation of neighboring
cells (Mollereau et al., 2013), whichmight contribute to brainmal-Developmeformations in apoptosis-deficient mice in later developmental
stages as previously proposed (Kuan et al., 2000). However,
based on our present study, initial causes of the brain malforma-
tions observed in apoptosis-deficient embryos could be ex-
plained by the neural tube closure defect and abnormal
morphogen production from the signaling center, ANR.
EXPERIMENTAL PROCEDURES
Mice
apaf-1 mutant (Yoshida et al., 1998) or caspase-9 mutant (Kuida et al., 1998)
mice on a C57BL/6 background were backcrossed to the 129S1 strain four
to seven times or once, respectively. Genotyping of each embryo was per-
formed by previously described method (Kuida et al., 1998; Yoshida et al.,
1998). These mice were crossed to R26-H2B-EGFP mice (Kurotaki et al.,
2007) for time-lapse imaging, to Fucci-G1-#596 mice for cell cycle analysis
(Sakaue-Sawano et al., 2008, 2013; Tomura et al., 2013), to mice carrying
Fgf8-IRES-Cre (Toyoda et al., 2010) and R26R-flox-H2B-mCherry mice (Abe
et al., 2011) for the tracing of Fgf8-expressing cells. For analysis of E8.5–
12.5 embryos, littermates or embryos with the same somite number were
used to minimize phenotypic variations due to differences in developmental
stages. All experiments were performed with the approval of the animal exper-
iment ethics committee at the University of Tokyo and in accordance with the
University of Tokyo guidelines for the care and use of laboratory animals.
Cell Number Counting in E12.5 Brains
The total brain cell numbers were determined by a previously described
method (Lien et al., 2006). E12.5 brains containing forebrain and midbrain
were collected. Hindbrain was not included in this analysis because it is not
technically easy to separate from the surroundingmesenchyme and nonneural
ectoderm at this stage. The forebrain and midbrain of each embryo were incu-
bated in 5 ml of Dulbecco’s modified Eagle’s medium (Sigma) containing
0.6 mg/ml papain (Worthington) and 20 mg/ml DNase (Sigma, DN-25) for
20min at room temperature, andwere dissociated into a single cell suspension
by trituration. Cells were counted using CYTORECON (GE Healthcare UK).
Triplicate counts were performed for each brain. The cell number was shown
as the percentage compared with the average cell number of control
littermates for standardization between pregnant females. The data set was
analyzed using Student’s t test.
Measurement of the Area of Brain Ventricles or Neuroepithelium
Images of sections stained with Hoechst33342 were processed on ImageJ
(National Institutes of Health). The neuroepithelium is easily distinguished
from other neighboring tissues such as the mesenchyme or the nonneural
ectoderm by its cell arrangement or cell density. Thus, the edge of the neuro-
epithelium or brain ventricles wasmanually traced and the areawasmeasured.
To measure the area of the E12.5 forebrains, flexure at the forebrain/midbrain
boundary was used as amorphological landmark. The areas of brain ventricles
or neuroepithelium in the coronal sections at themidpoint between the anterior
end and the eye-level section were compared between apaf-1 / embryos
and controls at E9.5 or 10.5 by Student’s t test.
Calculation of Cell-Cycle Kinetic Parameters and Measurement of
Cell Density in the Neuroepithelium
The length of the cell cycle was examined by IdU/BrdU double labeling as pre-
viously described (Martynoga et al., 2005). For IdU/BrdU labeling, 70 mg/g
body weight IdU and BrdU were sequentially injected into pregnant mice
2 hr and 30 min before dissection, respectively. Six-micrometer frozen sec-
tions were stained with anti-BrdU, anti-BrdU/IdU, and anti-TUJ1 antibodies,
and Hoechst33342. The number of cells in each population was counted on
ImageJ. Analysis was performed in 6,000–12,000 mm2 dorsolateral or ventro-
lateral neuroepithelium in the coronal sections located at the midpoint be-
tween the rostral tip and the eye in E10.5 embryos. In this region at E10.5,
almost all cells negative for TUJ1 were positive for Ki-67, a marker for prolifer-
ating cells (Pcells; data not shown). Thus, we used anti-TUJ1 immunostaining
to distinguish Pcells from nonproliferating, terminally differentiated neurons.
Among cells negative for TUJ1/class III b-tubulin (Pcells), those in the initialntal Cell 27, 621–634, December 23, 2013 ª2013 Elsevier Inc. 631
Developmental Cell
Apoptotic Control of Fgf8-Producing Cells in BrainIdU-labeled cohort that left the S phase during the interval between IdU and
BrdU (Ti = 1.5 hr), designated as the leaving fraction (Lcells), were labeled
with IdU but not BrdU. The proportion of cells labeled with BrdU was desig-
nated as Scells. The length of the cell cycle (Tc) was estimated from the
following formula: Tc/Ti = Pcells/Lcells. The number of nuclei in each field
was also used to measure the cell density in the neuroepithelium (6 mm thick-
ness). The data set was analyzed using Student’s t test.
Electron Microscopy
Electron microscopic observations were performed with some modifications
to the previously described method (Koike et al., 2008). Embryos were
immersed and fixed with 2% paraformaldehyde and 2% glutaraldehyde buff-
ered with 0.1 M phosphate buffer (PB), postfixed with 2% OsO4 buffered with
0.1M PB, block-stained in 1%uranyl acetate, dehydrated with a graded series
of alcohol, and embedded in Epon 812 (TAAB). Semithin sections were cut
with an ultramicrotome (Leica UC6; Leica Microsystems) to identify neuroepi-
thelia in the ventral forebrain region. The semithin sections with appropriate re-
gions were subsequently re-embedded in Epon812 and detached from slide
glasses, and 50–70 nm ultrathin sections were cut, stained with uranyl acetate
and lead citrate, and observed with an electron microscope (H-7100; Hitachi).
Fluorescent In Situ Hybridization
Fluorescent in situ hybridization was performed with minor modification of our
WISH protocol according to previous reports (Nakamura et al., 2012, Neufeld
et al., 2013). Briefly, borohydride treatment at day 0 was integrated into our
WISH protocol. Color development was done in TBTI with Tyramid-FITC
or -Cy3, which were self-made as previously described (Neufeld et al., 2013,
Vize et al., 2009), followed by immunostaining with active caspase-3 and coun-
terstaining with Hoechst 33342.
Evaluation of the Distribution of FGF8 Protein
Immunostaining was performed on 10-mm thickness head sections from E10.5
embryos fixed with 2% PFA and 0.2% glutaraldehyde for 20 min. E10.5
cryosections (10 mm) were stained with a mouse anti-FGF8 antibody (final
concentration 1.0 mg/ml; R&D Systems, 47109) diluted with CanGet Signal Im-
munoreaction Enhancer Solution A (TOYOBO, NKB-501) for 24 hr at 4C. Im-
ages were obtained using a TCS-SP5 or TCS-SP8 confocal microscope with
HyD detectors (Leica). Eight-bit images were processed on TCS-SP5 software
to convert the intensity to pseudo-colors, in which an intensity of > 150 is
shown as red and that of < 20 is shown as black.
SUPPLEMENTAL INFORMATION
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